Regulation of Na/H exchange in renal microvillus vesicles in chronic hypercapnia. Several disturbances of acid-base balance, including chronic metabolic and respiratory acidoses and metabolic alkalosis, are associated with enhanced proximal tubule bicarbonate reabsorption. To determine whether augmented brush border Na/H exchange might mediate enhanced proximal tubule bicarbonate reabsorption in these disorders, we measured Na/H exchange activity in cortical brush border membrane vesicles (BBMV) prepared from rats and rabbits adapted to hypercapnia and other chronic acid-base disturbances.
phosphatase, and ouabain-sensitive phosphatase. Despite profound respiratory acidosis, no increase in Na/H exchange activity could be detected in vesicles prepared from rats adapted to chronic (8 to 10 days) or subacute (24 hr) respiratory acidosis. In addition, vesicles prepared from rabbits exposed to chronic hypercapnia did not show increased Na/H exchange when compared with contemporaneous controls. By contrast, in agreement with previously published results, amiloridesensitive sodium uptake was increased by 30% in vesicles derived from animals with ammonium chloride-induced acidosis compared with contemporaneous controls. Two models of chronic metabolic alkalosis were also studied; vesicles from alkalotic rats did not show any alteration in Na/H exchange. We conclude that metabolic acidosis, but not respiratory acidosis or metabolic alkalosis, leads to enhanced activity of the luminal Na/H exchanger.
Several chronic disturbances of normal acid-base balance are associated with enhanced proximal tubular reabsorption of bicarbonate. In metabolic and respiratory acidoses, free-flow micropuncture measurements have shown increased proximal tubule bicarbonate reabsorptive capacity, indicating increased acidification rates [1-41. In the case of respiratory acidosis, the adaptive increase in proton transport persists despite acute reversal of the hypercapnic state [3] . In animals with chronic metabolic alkalosis, enhanced proximal bicarbonate reabsorption has been invoked as a mechanism for the maintenance of the alkalemic state, although this role for the proximal tubule is controversial [5] [6] [7] [8] .
Recent studies using cortical brush border membrane vesides derived primarily from the proximal tubule have established a luminal Na/H exchanger as a major mechanism of luminal acidification and sodium reabsorption in this segment [9] [10] [11] . The activity of this exchanger has been shown to be Received for publication June 22, 1987 and in revised form November 6, 1987 © 1988 by the International Society of Nephrology augmented in brush border membrane vesicles isolated from animals adapted to glucocorticoid excess, uninephrectomy, diabetes mellitus, potassium-deficient diet, thyro-parathyroidectomy, and metabolic acidosis [12] [13] [14] [15] [16] [17] [18] [19] . The present studies were designed to determine whether augmented Na/H exchange activity may be responsible, in part, for the increased proximal tubule bicarbonate reabsorption observed in chronic acid-base disturbances.
Methods

Animals
Male Sprague-Dawley rats weighing 250 to 400 g (Charles River Breeding Laboratories, Wilmington, Massachusetts, USA) or male New Zealand White rabbits were used. In all studies, control and experimental animals were littermates studied contemporaneously.
Chronic respiratory acidosis
Respiratory acidosis was induced by maintaining rats or rabbits in an environmental chamber with an atmosphere consisting of room air plus 9% CO2 for S to 10 days. The CO2 content of the atmosphere was monitored continuously. Control animals were placed in an identical adjacent chamber to which no CO2 was added. On the day of study, the animals were anesthetized with pentobarbital and aortic blood was obtained while the animal was still in the high CO2 atmosphere. Animals had free access to standard rat chow (24% protein, Ralston Purina Co., St. Louis, Missouri, USA) and tapwater.
Chronic mild metabolic alkalosis Alkalotic rats received regular chow plus 2.3% NaHCO3 in the drinking water for 7 to 10 days, Control animals received the same diet and tapwater.
Chronic severe metabolic alkalosis Rats were maintained for 8 to 12 days on a chloride-free diet (18% casein, 70.7% sucrose, and 5% fat, plus all essential vitamins and minerals from ICN Nutritional Biochemicals, Cleveland, Ohio, USA), and received 150 mr'i KHCO3 for drinking water. During the first day of the protocol, the animals received three intraperitoneal injections of furosemide (10 mg/ kg body wt) administered at 12 hour intervals [6] . Control animals received regular diet and tapwater. [20] .
In all animals, blood gases were obtained on aortic blood at the time of sacrifice.
Vesicle preparations
After the animals were killed, the kidneys were promptly removed and weighed. Cortex was carefully dissected and microvillus membrane vesicles prepared by the Mg2 aggregation and differential centrifugation methods of Aronson and Booth and Kenny [21, 22] , as previously described by this laboratory [13, 15] . The vesicle preparation was carried out in a highly buffered isotonic solution consisting of mannitol (270 mM) and Hepes (40 m, titrated to pH 7.50 with KOH). Purity of brush border membrane preparations was monitored using the marker enzyme alkaline phosphatase (brush border) and ouabain-sensitive ATPase (basolateral membrane) [13, 15] . Alkaline phosphatase was assayed using p-nitrophenol phosphate as substrate (Sigma bulletin #104, Sigma Chemical Co., St. Louis, Missouri, USA). Na-K-ATPase was assayed as ouabain sensitive K phosphatase. Marker enzyme activities were measured in initial cortical homogenates and final vesicle preparations. The specific activities of marker enzymes in initial homogenates were comparable in all experimental groups. As shown in Table 1 , purification of the brush border marker, alkaline phosphatase and depurification of the basolateral marker, Na-K-ATPase in preparations of brush border membrane vesicles were comparable between each experimental and control group in metabolic and respiratory acidosis protocols. In mild metabolic alkalosis, alkaline phosphatase was slightly enriched in the alkalotic animals as compared with controls. Vesicles prepared from animals with volume contraction alka losis exhibited more complete depurification of ouabain-sensitive phosphatase than vesicles prepared from controls. Protein was determined by the method of Lowry et al [23] , using bovine serum albumin as a standard. Transport Uptake of radiolabeled solutes into vesicles was measured by a rapid filtration assay at 20°C. At specified intervals following addition of isotope, incubations were terminated by addition of 4 ml of an ice cold MgSO4 solution followed promptly by filtration through a prewetted 0.65 micron filter (DAWP; Millipore Corp., Bedford, Massachusetts, USA). The filter was washed with an additional 12 ml of the MgSO4 solution and dissolved in 4.5 ml of Aquasol (New England Nuclear, Boston, Massachusetts, USA). Radioactivity was determined by liquid scintillation counting. Incubations were performed in triplicate using fresh membrane preparations. Nonspecific retention of radioactivity to the filters was subtracted from total counts of each sample. Studies of Na/H exchange were performed under pH gradient conditions; an intravesicular pH of 6.10 was developed by preequilibration of vesicles in a solution consisting of the buffer used to prepare the vesicles diluted 1:1 with a solution containing 220 mM mannitol, 20 mrvi K, 40 mtvi 2-(NMorpholino)-ethane sulfonic acid (MES), and 40 msi Hepes.
Isotopic sodium uptake was measured in the presence of 1 mtvi NaCI; tracer [3H}D-glucose uptakes were performed in the presence of 0.35 u glucose. To insure that assay conditions for control and experimental groups were identical, transport was measured in vesicles prepared on the same day from control and experimental animals, using the same solutions.
Statistics
Results are expressed as mean SEM for the means derived from transport assays of several vesicle preparations. Student's unpaired t-test was used to compare results obtained in control and experimental groups. 
Results
Effects of acid-base disturbances on physiologic parameters As shown in Table 2 , exposure of animals to each of the acidbase disturbances resulted in significant inhibition of growth compared to age and weight-matched controls followed simultaneously. Despite the differences in growth of the whole animals, kidney weight was increased 6.2% in chronic metabolic acidosis and 2.5% in chronic respiratory acidosis. Arterial blood gases in the chronic acid-base disturbance models indicate that each experimental protocol successfully induced the appropriate acid-base disturbance. Thus, animals given ammonium chloride in the drinking water exhibited acidemia and low total serum CO2 characteristic of chronic metabolic acidosis.
Animals exposed chronically to CO2 were acidemic, with elevated PCO2 and total CO2. Finally, both protocols for induction of metabolic alkalosis produced elevated pH and total serum CO2. In animals with chronic severe metabolic alkalosis PCO2 was significantly elevated, suggesting a small degree of compensatory hypoventilation. Serum sodium remained Un- .47 0.10, respectively; P > 0.1 at all timepoints). If Na/H exchange had been stimulated in vesicles from acidotic animals, nongradient sodium uptakes should have been increased [13, 15] . As an additional marker for similarity of vesicle preparations between control and chronically acidotic animals, sodium gradient-stimulated glucose uptakes were measured in control animals and those exposed to 8 to 10 days of CO2. At 10 seconds, glucose uptake was 0.478 0.06 pmol/mg protein (SE) and 0.467 0.03 for control and acidotic rats, respectively. At 60 seconds the values were 1.90 0.48 and 1.80 0.18, and at two hours, they were 0.38 0.02 and 0.38 0.04. Thus, Na/H exchange, glucose uptake and equilibrium volumes were similar for vesicles isolated from acidotic and control rats.
We also examined whether BBMV isolated from rabbits with respiratory acidosis would exhibit enhanced Na/H exchange. A recent report, using primarily the acridine orange technique for assaying Na/H exchange activity [26] suggests that vesicles isolated from hypercapneic rabbits exhibit enhanced Na/H exchange. As shown in Figure 2 Fig. 1 . Effect of chronic respiratory acidosis on Na/H exchange in rat cortical microvillus vesicles. Isotopic sodium uptake was measured in brush border membrane vesicles prepared from control animals (0) and animals exposed to 9% CO2 for 8 to 10 days (•) under pH gradient conditions. Data represents mean SE for 8 to 10 vesicle preparations of each type; when no error bar is visible, the error was smaller than the data point. changed in all of the protocols, while potassium was significantly decreased only in animals with metabolic alkalosis (4.6 0.2 vs. 3.8 0.1).
Respiratory acidosis. Figure 1 compares time courses of sodium accumulation in BBMV obtained from control rats and rats with chronic respiratory acidosis. It is apparent that respiratory acidosis of 8 to 10 days duration was not associated with an increase in the rate of BBMV Na/H exchange. Similar results were obtained in animals exposed to 10% CO2 atmosphere for 24 hours; sodium uptake at 10 seconds was 1.67 0.026 nmollmg protein in vesicles from control animals and 1.64 0.094 in vesicles from animals exposed to CO2. Because Figure 3 shows the time courses of pH gradient-stimulated sodium uptake into brush border membrane vesicles prepared from animals with chronic metabolic acidosis as well as contemporaneous control animals. In contrast to the results in chronic respiratory acidosis, and as reported by others, BBMV isolated from animals with metabolic acidosis accumulated sodium more rapidly than vesicles isolated from control animals. A stimulation of 30% in sodium uptake at 5 seconds was observed. The difference between uptakes achieved statistical significance (P <0.05) at all time points except two hours. This stimulation of Na uptake compares favorably with those observed in vesicles prepared from acidotic rats [43%, 12, 181 and dogs [35%, 17] , especially in view of the fact that the acidosis induced in the present study was relatively mild compared with that obtained in these other reports. At two hours, when all pH gradients had been dissipated, the uptake of sodium was the same in vesicles isolated from both acidotic and control rats. This finding indicates that vesicles isolated from both groups had similar average volumes; thus differences in transport cannot be explained by differences in intravesicular volume. The lower curve in Figure 3 shows sodium uptakes in the presence of amiloride in vesicles prepared from control and acidotic animals at 10 seconds, 30 seconds, and two hours. It is clear that only the amiloride-sensitive component of sodium accumulation was stimulated in acidotic rats, indicating that Na/H exchange was increased in these animals. vesicles prepared from control animals (0) or animals exposed to chronic metabolic acidosis (S). Sodium uptake was significantly increased (P < 0.05) at all time points except 2 hrs (equilibrium). The lower curve represents uptake in the presence of 1 mrvi amiloride;
vesicles from control and acidotic animals gave identical time courses in the presence of amiloride. Data represents mean SE for 6 vesicle preparations of each type; when no bar is visible, the error was smaller than the data point. Fig. 2 . Effect of chronic respiratory acidosis on Na/H exchange in rabbit cortical microvillus vesicles. Isotopic sodium uptake was measured in brush border membrane vesicles prepared from control animals (0) and animals exposed to 9% CO2 for 8 to 10 days (•) as described in uptake was not stimulated in this preparation; at no point were statistically significant differences detected in sodium uptake in the presence or absence of amiloride. Equilibrium volumes, as assessed by two-hour sodium uptakes were equal between the two groups (3.38 0.39 vs. 3.24 0.12; N = 5, P > 0.5).
Glucose uptakes under conditions of no sodium gradient (Na1 = Na0) were 0.022 0.002 pmol/mg at 10 seconds, 0.032 0.002 at 60 seconds, and 0.064 0.004 at two hours in vesicles from control rabbits, while values at the same timepoints in vesicles from hypercarbic rabbits were 0.018 0.002, 0.030 0.004, and 0.055 0.007, respectively. Thus there were no significant differences in glucose transport between preparations from control and acidotic rabbits. experimental animals in both protocols (amiloride-sensitive sodium uptakes were: low-Cl metabolic alkalosis, 1.31 0.24 nmol/mg/10 see; mild metabolic alkalosis, 1.39 0.11; contemporaneous control groups, 1.43 0.08 and 1.42 0.16, respectively; N = 5-7, P > 0,5 for both experiments), indicating that Na/H exchange was not stimulated by either model of metabolic alkalosis.
Discussion
Enhanced bicarbonate reabsorption by the proximal tubule has been invoked to explain adaptation to chronic metabolic and respiratory acidosis and maintenance of some forms of chronic metabolic alkalosis. Because Na/H exchange is increased in BBMV isolated from animals with metabolic acidosis [12, , it seemed possible that Na/H exchange would be enhanced in other conditions of enhanced proximal tubular bicarbonate reabsorption. We therefore examined the effect of chronic respiratory acidosis as well as other chronic acid-base disturbances on BBMV Na/H exchange.
In respiratory acidosis, an elevated serum bicarbonate has led to the belief that proximal tubule bicarbonate reabsorption is enhanced. Whole animal clearance studies supported this hypothesis [271. In early in situ microperfusion studies using the weak base, glycodiazine and bicarbonate-free solutions, Ullrich, Rumrich and Baumann showed no increase in proton transport by the proximal tubule in rats with respiratory acidosis [281. By contrast, Cogan has more recently shown, using free flow micropuncture techniques, that absolute bicarbonate reabsorption is increased in animals with chronic respiratory acidosis [3, 41 . It was therefore of interest that we were unable to detect increased Na/H exchange in vesicles from rats with chronic respiratory acidosis, although we had previously demonstrated enhanced Na/H exchange in a number of other settings, including compensatory renal hypertrophy, and the ketoacidosis associated with diabetes mellitus. This study examined rats exposed to hypercarbia for two different time periods, 8 to 10 days and 24 hours, and in hypercarbic rabbits. The fact that marker enzymes, glucose transport, nongradient sodium transport and sensitivity to amiloride were similar between vesicles from control and hypercarbic animals suggests that our inability to detect a difference in Na/H exchange was not due to intrinsic differences in vesicle preparations.
As an additional control on the sensitivity of our methods, we induced relatively mild metabolic acidosis in a group of animals and compared Na/H exchange in vesicles isolated from acidotic animals and contemporaneous controls. As expected, vesicles isolated from animals with metabolic acidosis exhibited enhanced amiloride-sensitive Na uptake, indicative of a stimulation of Na/H exchange [12, [17] [18] [19] . Note that these animals were no more acidemic than the rats or rabbits with respiratory acidosis, and that our model of metabolic acidosis was relatively mild compared to that used by others. Thus, we were able to detect augmented Na/H exchange when it was present.
Talor et al have recently published results suggesting that Na/H exchange is enhanced by chronic respiratory acidosis in the rabbit [26] . These results apparently contradict our own in this species. However, in comparing our data to theirs it is notable that the amiloride-sensitive uptake rate of sodium in their study was 1,63 nmol/mg/30 see, a rate far below that obtained by us of 6.53 nmol/mg/l0 sec. The relative lack of transport activity in their control preparation is emphasized by the fact that uptake in their studies was linear for the first one minute of the determination. In our hands, uptake is far above the equilibrium value at 10 seconds and is no longer linear at this point. If we assume that their rates are linear then they obtained a 10 second uptake value of 0.54 nmol/mg, a value 12-fold below our own, and well below the values reported in the literature [241. Possible reasons for the lack of transport activity of their vesicles include their use of a calcium precipitation preparative method, which has been reported to be deleterious to Na/H exchanger activity [291, and their use of frozen membranes. In all of our studies, we used only fresh membranes. If the level of Na/H exchange in vesicles from control animals was markedly attenuated, small differences in activity may have been amplified. Alternatively, the Na/H exchanger in vesicles from animals with respiratory acidosis may have been less sensitive than that from control animals to the deletetious effects of their preparation protocol on transport activity.
Respiratory acidosis could enhance proximal tubule bicarbonate reabsorption by a number of alternative mechanisms, including enhanced activity of the Na/H exchanger in vivo. Elevated PCO2 could acidify the interior of the epithelial cell, leading to activation of the exchanger at the modifier site [30] . Alternatively, the exchanger could by activated in ways not preserved during the preparation of vesicles, such as by phosphorylation or by noncovalent interaction with regulatory molecules. Alternatively, Na/H exchange may not be increased in respiratory acidosis. There is evidence for a smaller, Naindependent bicarbonate reabsorptive pathway in the proximal tubule, which may be a H-ATPase. Such a transport activity could be increased in chronic respiratory acidosis. Recent 2hr activity of such a transporter would explain the lack of adaptation of glycodiazine transport observed by Ullrich, because the glycodiazine used in his studies rapidly permeates the cell membrane, and would be reabsorbed equally well regardless of the activity of the basolateral Na/HCO3 transporter [28] . An increase in the efflux of bicarbonate across the basolateral membrane would be expected to lower intracellular pH, leading to stimulation of Na/H exchange at the intracellular modifier site. As noted above, such an increase in Na/H exchange would not be preserved during the preparation of vesicles [30] . The effects of metabolic alkalosis on proximal tubule bicarbonate reabsorption remain controversial. When alkalosis was induced by administration of deoxycorticosterone acetate to rats receiving bicarbonate and sulfate, a markedly diminished glomerular filtration rate was observed, resulting in a diminished filtered load of bicarbonate and a reduced absolute proximal reabsorption of bicarbonate [71. Acute normalization of filtered load of bicarbonate with volume expansion or administration of atrial natriuretic peptide did not reveal enhanced proximal bicarbonate reabsorption [7] . When metabolic alkalosis was induced by Cl depletion using a low Cl diet and initial administration of furosemide, glomerular filtration rate gradually recovered to normal levels, yet the alkalemic state persisted. In these alkalemic animals with normal GFR, absolute proximal bicarbonate reabsorption was increased [5, 61. Our model of severe metabolic alkalosis was designed to mimic that used to demonstrate enhanced absolute proximal reabsorption of bicarbonate. In both mild and severe metabolic alkalosis no increase in Na/H exchange was detectable. Thus, if metabolic alkalosis enhances bicarbonate reabsorptive capacity of the proximal tubule, it appears that this adaptation is not preserved in the vesicle preparation or is not caused by increased Na/H exchange. 
